Abstract. Collision induced dissociation (CID) is one of the most established techniques for tandem mass spectrometry analysis. The CID of mass selected ion could be realized by ion resonance excitation with a digital rectangular waveform. The method is simple, and highly efficient CID result could be obtained by optimizing the experimental parameters, such as digital waveform voltage, frequency, and q value. In this work, the relationship between ion trapping waveform voltage and frequency at preselected q value, the relationship between waveform frequency and the q value at certain ion trapping voltage for optimum CID efficiency were investigated. Experiment results showed that the max CID efficiency of precursor reserpine ions can be obtained at different trapping waveform voltage and frequency when q and β are different. Based on systematic experimental analysis, the optimum experimental conditions for high CID efficiency can be calculated at any selected β or q. By using digital ion trap technology, the CID process and efficient fragmentation of parent ions can be realized by simply changing the trapping waveform amplitude, frequency, and the β values in the digital ion trap mass spectrometry. The technology and method are simple. It has potential use in ion trap mass spectrometry.
Introduction
M ass spectrometry (MS) has been widely applied in many research fields, such as chemistry, life science, pharmaceutics, environment, and so on because of its rapid, accurate, and highly sensitive analysis of chemical and biological components [1] [2] [3] [4] [5] .
Ion trap mass spectrometer is one of the most widely used mass spectrometers with its unique features of ion storage, mass analysis, and tandem mass spectrometric analysis, which can provide abundant information of sample compositions and molecular structures [6] [7] [8] [9] [10] . Tandem mass spectrometry (MS/MS) is a very common technology that can provide some useful information of molecular structures. There are several MS/MS techniques that can be used in ion traps, such as collision induced dissociation (CID) [11] [12] [13] [14] [15] , electron transfer dissociation (ETD) [16] , electron capture dissociation (ECD) [17] , electron detachment dissociation (EDD) [18] , infrared multiphoton dissociation (IRMPD) [19] , blackbody infrared radiative dissociation (BIRD) [20] , and so on. Collision induced dissociation (CID) is one of the most established techniques of tandem mass spectrometric analysis, in which mass selected precursor ions are excited to high kinetic energy and then are fragmented through multiple collision with neutral molecules, such as helium or argon. In ion trap mass spectrometry, a CID process is performed by mass-selected precursor ion isolation, precursor ion excitation [21] , ion-molecule collision, and ion dissociation. A conventional ion excitation method in ion trap is realized by applying an AC power at the ion trap electrodes, and the mass-selected precursor ion would be resonance excited if the AC frequency is equal to the secular frequency of the ion motion. The CID fragmentation efficiency is mainly dependent on the ion chemical property and its kinetic energy, and the ion trapping efficiency will also affect the CID signal intensity. Since more fragments could give higher detection sensitivity and might contain more molecular structure information, the ion excitation method has become one of the most active subjects during the past few decades. For example, McLuckey et al. found the precursor ion energy could be increased by adding a DC potential to ion trap electrodes besides an AC excitation voltage, so the precursor ions could be driven from the center of ion trap by the DC potential and move close to the ion trap electrodes. By this method, the ions could get more energy from the rf electric field, and would have higher kinetic energy. When these higher kinetic energy ions collide with neutral molecules, its CID efficiency will be significantly increased and more information about the precursor ion structure will be obtained [22] [23] [24] . A theoretical analysis [13] revealed that the transfer of ion kinetic energy to ion internal energy depends on the collision partner's masses, so the CID process and efficiency will also affected by the mass of the buffer gas, and the ion-buffer gas collision frequency, which depends on the buffer gas pressure.
Digital ion trap (DIT) technology was developed recently, and has been proven to have many advantages [25] [26] [27] [28] [29] [30] . In DIT, a rectangular waveform is used to drive the ion trap for trapping ions; ion resonance excitation could also be realized by a rectangular waveform that produces via frequency division of the main digital rectangular waveforms, i.e., trapping waveform. In other words, both the digital rectangular waveform amplitude and frequency affect the ion excitation and its kinetic energy. Mass analysis in DIT is also realized by scanning the frequency of trapping waveform [26] [27] [28] . Our recent research results found that highly efficient CID can be realized by simply changing the duty cycle of the resonance excitation waveform and the associated frequency [29, 30] . This method is much simpler and more effective than the conventional CID process using sine waveform AC power.
Because the ion motion in DIT can be influenced through changing its motion trajectory and speed by many factors, including the amplitude and frequency of digital rectangular waveform and resonance excitation rectangular waveform, q value, waveform duty cycle, and collision gas pressure in the ion trap, etc. For further understanding the property of CID with DIT technology and finding the optimum CID condition, we investigated the effect of various experiment parameters, such as trapping waveform frequency, waveform amplitudes V, and q, β value on CID efficiency in this work. The more detailed optimum experimental condition and results were studied and are reported here.
Theory
The ion motion in linear quadrupole ion trap can be described by Mathieu equation [8] .When digital rectangular waveforms are used to drive ion trap, the relationship between β and q can be expressed as below [26] :
Where q is a Mathieu parameter and β is a stability parameter (characteristic exponent), which determines the ion oscillation frequencies.
According to Equation 1, β can be calculated with a known q, and vice versa. Also, the relationship between mass to charge ratio and the waveform frequency can be obtained by the following equation: where V is the ion trapping waveform amplitude, T is the period of trapping waveform, and f is its frequency, f ¼ 1 T . Based on Equation 2, it is obvious that for each given q, every m/e ion will correspond to a special waveform period T or frequency f during the CID experiments while V is fixed.
Furthermore, for a given m/e ion, according to Equation 3 , which is deduced from Equation 2, its excitation waveform frequency is dependent on the waveform voltage V when q is selected.
In other words, the excitation frequency f will be changed for m/e ion when V is different at certain q.
Also, as shown in Equation 4 , the excitation frequency f will be changed for m/e ion at different q during experiment when V is fixed.
It means that, during CID analysis, (1), if q is selected, we can find right f and V for getting optimum result; or (2), if V is fixed, we can find right f and V for getting optimum result.
However, the above theory is based upon a pure quadrupole field without consideration of high order field components. In the realistic ion trap, such as a rectilinear trap [31] , the existing high order field will change the secular frequency of the precursor ion, thus affecting the resonance excitation efficiency. The optimized CID parameters may therefore be different from those by theoretical prediction. The purpose of this work is to study the optimum experimental condition, such as f, q, β, and V for CID analysis using digital ion trap technology.
Experimental
All experiments were performed on a homemade three-stage differential pumping vacuum ion trap mass spectrometry system as previously described [29, 30, 32] . Briefly, an electrospray ionization (ESI) source was used to produce sample ion from its solution. A ceramic-based rectilinear ion trap (cRIT) with a cross section of x 0 ×y 0 = 6 mm × 5 mm was used. Helium was used as the ion-cooling gas and to perform CID experiments. During the experiments, the helium pressure was kept at 1-2 × 10 -5 Torr for mass analysis and 5-8 × 10
-5 Torr for CID experiments. A Channeltron electron multiplier (CEM 4879; Burle/Photonis, Lancaster, PA, USA) was used as an ion detector [29, 30] .
Balanced rectangular waveforms with the same amplitude but in opposite phase were applied to the x and y electrode pairs as trapping power, respectively. The dipolar excitation waveform was derived digitally by dividing down the frequency of the trapping waveform, and coupling with the trapping power similar to conventional rf mode. The method of generating and scanning digital waveform has been described in detail before [30] .
Reserpine was purchased from Aladdin-Reagent Ltd. (Shanghai, China), and its solution was prepared by dissolving raw reagent with methanol/water (50:50 V/V, 0.5% acetic acid) to 5 × 10 -5 M. In the experiments, the solution was pumped into an ESI capillary with an i.d. of 100 μm (TSP100200; Polymicro Technologies, L.L.C, Phoenix, AZ, USA) by a syringe pump (SP100i; World Precision Instruments, Inc., Sarasota, FL, USA) at flow rate of 1 μL/min. Voltage for ESI was 4 kV.
Reserpine ions (m/z = 609 Da) were used to test all the performances. Precursor reserpine ions were isolated by digital asymmetric waveform isolation (DAWI) method [33] . The optimum ion excitation frequency was found by observing the CID mass spectrum while scanning trapping waveform frequency [30] . During the experiment, the rectangular dipolar excitation waveform amplitude was set at 2 V 0-p , and the CID duration was 40 ms.
In this paper, the optimum CID condition was obtained by measuring the CID efficiency, and the CID efficiency (E CID ) was defined as the sum of the fragment ion abundances divided by the initial abundance of precursor ion. It needs to be mentioned that because of the low mass cutoff effect, some low mass fragments may not be detected in experiment, so the calculated E CID might be lower than it really is. In other words, the real CID efficiency should be higher than the calculation results by this work.
Results and Discussion
Optimum Condition of V and f According to the above discussion and Equation 3, for any mass selected precursor ion, its optimum excitation frequency f will depend on its excitation voltage V at a preselected q value. In other words, for each V, there is a corresponding f. The relationship between f and V was tested in the experiment. The CID experiment results at various trapping waveform amplitudes, V, are shown in Figure 1 . The optimum CID effiencies of precursor reserpine ions were obtained at trapping waveform amplitude of 200, 250, 300, 350, and 400 V 0-P with the associated trapping waveform frequencies corresponding to 557.1, 621.1, 684.88, 738.01, and 787.41 kHz, respectively. The β value was set at 0.3478 for all the tests. It can be seen from these mass spectrum results that CID efficiency was dependent on the ion trapping waveform voltage, and higher voltage will result in higher CID efficiency. This phenomenal can be ex- Figure 3 . CID mass spectra at the different β and q values when V 0-p = 300 V Figure 4 . Relationship between q and trapping waveform frequency f when waveform amplitude is 300 V 0-p plained by the following reason, that is, ion can absorb more electric energy from higher ion trapping potential, and the higher kinetic energy will result in more fragments. Since the highest output voltage of the power supply in this study was only 400V 0-P , the highest CID efficiency in this experiment was observed when the trapping waveform amplitude was 400V 0-P . Table 1 illustrates the various amplitudes and frequencies of trapping waveform at optimum CID efficiency, and Figure 2 presents the relationship between the trapping waveform amplitude and the associated frequency in Table 1 . Obviously, under the same experimental conditions, the higher the trapping waveform amplitude, the higher the frequency. Linear relationship that exists between the trapping waveform amplitude V and the square of tapping waveform frequency f was observed according to the experimental results, and it is very consistent with theoretical prediction as Equation 3 shows. The leastsquares best-fit linear curve was obtained with the following parameters:
Where f is the trapping waveform frequency and V 0 − P is the trapping waveform voltage (zero-to-peak).
With this linear relationship, for certain m/e ion, its corresponding waveform frequency for the optimum CID efficiency can be calculated at any trapping waveform amplitudes when q is selected. Also, a higher waveform voltage will give a higher CID efficiency.
Dependent of CID Efficiency on β and q
According to Equation 4 above, for a given m/e ion, its resonance excited waveform frequency f will be indirectly varied with β via changing q value when waveform voltage is set at V 0-p = 300 V. For studying the relationship between f and q, CID tests were performed at β = 0.3333, 0.3478, 0.3721, 0.4, 0.4324, and 0.4571, respectively, so the associated q can be deduced from Equation 1, and the results are listed in Table 2 .
The CID experimental results at each β or q value and the trapping waveform frequency, f, are shown in Figure 3 . CID mass spectra with optimum CID efficiency were obtained at f when the trapping waveform amplitude was 300V 0-P . It can be seen from Figure 3a -f that the trapping waveform frequency is different at different β value for optimum CID efficiency. Table 3 illustrates the trapping waveform frequencies for having the optimum CID efficiencies at different q values, and Figure 4 shows the relationship between q and f illustrated in Table 3 .
There should be a linear relationship between the q and1/f 2 according to above discussion and Equation 4 . The least-square best-fit linear curve based on the experimental results is shown in Figure 4 , and some parameters are listed below:
Obviously, any mass selected ion trapping waveform frequency for the optimum CID efficiency can be calculated at any β or any q according to Equation 6 .
Conclusion
This work proved that an efficient CID analysis of any mass selected precursor ion can be simply realized by using a digital ion trap mass spectrometry. All of the optimum CID experimental parameters, such as ion trapping waveform voltage and frequency at a preselected q value, the relationship between ion trapping frequency and q value, and so on can be calculated. It is also indicates that CID efficiency can be increased by increasing the trapping waveform amplitude when the q is fixed.
Other factors, including CID duration, cooling buffer gas type and pressure, dipolar resonant excitation voltages, etc., can also influence CID process, and more research will be performed in the near future.
